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 Abstract: Future water availability is affected directly by the effects of climate change on 16 
water loss through evapotranspiration (ET) and indirectly via the biological effects of climate 17 
change and higher atmospheric CO2 concentration on plant function. While previous studies 18 
of future water availability have considered the direct effects of climate change; few 19 
considered the indirect biological effects or the interactions between direct and indirect 20 
impacts. In this study, we calibrated an ecohydrological model (WAVES) and used this 21 
model to estimate the direct and indirect effects and their interactions of future climate 22 
change and elevated CO2 (eCO2) on water availability in four different catchments in 23 
Australia with contrasting climate regime and vegetation cover. These catchments were: a 24 
water-limited forest catchment and an energy-limited forest catchment, a water-limited grass 25 
catchment and an energy-limited grass catchment. The future meteorological forcing from 12 26 
GCMs representing a period centred on 2050s was projected and then downscaled to the 27 
study catchments. The future CO2 concentration (i.e., eCO2) at 2050 was projected to be 28 
550ppm. Results from this study show eCO2 increases canopy leaf area index (LAI) in all 29 
four catchments and increases ET and decreases runoff in the water limited forest catchment 30 
and the two grassland catchments, but reduces ET and increases runoff in the energy-limited 31 
forest catchment. The effects of future climate on canopy LAI, ET and total runoff were 32 
opposing in sign to those of eCO2 for all four catchments. Our results also suggest that the 33 
interactions between the direct and indirect effects on ET are relatively strong in the two 34 
grassland catchments but relatively weak in the two forest catchments, possibly because the 35 
deep-rooted forest system can utilize more available soil water than grasslands. Interactions 36 
on runoff were relatively strong in the two water-limited catchments but weak in the two 37 
energy-limited catchments, possibly because ET in the water-limited ecosystems are mainly 38 
constrained by water and arid ecosystems have higher water use efficiency. This study 39 
highlights that failure to account for impacts of eCO2 or its interactions with climate change 40 
can introduce significant bias into the predictions of future water budgets, especially for the 41 
water-limited catchments in Australia. 42 
Key words: elevated atmospheric CO2 concentration; carbon-water coupling relationship; 43 
changing climate; water balance; physiological effects. 44 
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1 Introduction 46 
Climate change is predicted to shape new hydroclimatic regimes in many regions of the 47 
world (Ramanathan et al., 2001; Dore, 2005; Dai, 2013), and will have significant impacts on 48 
water availability (Milly et al., 2005; Bates et al., 2008; Milly et al., 2008). Recent 49 
observational studies have shown that elevated atmospheric CO2 concentration (denoted as 50 
eCO2) may have significant implications for water availability through its physiological 51 
effects on plant function associated with the increased water-use-efficiency (WUE) (Eamus, 52 
1991; Field et al., 1995; O'Grady et al., 2011). Modelling results at both plot and global 53 
scales have shown that changes in WUE may lead to a discernible increase in water 54 
availability or runoff (Gedney et al., 2006; Betts et al., 2007; Cao et al., 2010; Warren et al., 55 
2011). Potential increase in water availability under eCO2 may be particularly important for 56 
water-limited regions (Wullschleger et al., 2002), such as Australia (Eamus et al., 2006). 57 
However, the physiological effects of eCO2 on water budget at catchment scales have rarely 58 
been addressed (Bates et al., 2008). 59 
At the leaf scale, eCO2 reduces stomatal conductance and consequently lower 60 
transpiration rate per unit leaf area. This is a water saving effect. Thus, if all other factors 61 
remain unchanged, eCO2 should water availability should increase. This leaf-scale effect has 62 
been observed in many experimental studies (Eamus and Jarvis, 1989; Norby et al., 1999; 63 
Medlyn et al., 2001; Ainsworth and Long, 2005). Several studies showed that runoff 64 
increased significantly caused by this leaf-scale physiological effect of eCO2 (e.g., Aston 65 
(1984), Gedney et al. (2006) and Cao et al. (2010)). At stand or regional scales, however, the 66 
physiological processes associated with eCO2 can stimulate plant growth and increase canopy 67 
leaf area index (LAI) via two mechanisms. One is via direct CO2 fertilization effects (Körner 68 
et al., 2007); the other is indirectly via increased water availability resulting from reduced 69 
stomatal conductance. Increased LAI may offset the effect of the leaf-scale increased WUE 70 
on ecosystem water availability and result in little or no change in ecosystem water budgets 71 
(Levis et al., 2000). The net effect of eCO2 on regional water budgets therefore depends on 72 
both responses of stomatal conductance and feedbacks of canopy LAI. How the physiological 73 
effects of eCO2 will manifest at catchment scale is poorly understood and likely to vary 74 
across different climate regimes and ecosystems (Nowak et al., 2004; Ainsworth and Long, 75 
2005; Körner et al., 2007; Leakey et al., 2012). The magnitude of the feedbacks of LAI is a 76 
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key determinant of whether eCO2 will increase runoff and by how much because leaves are 77 
the primary exchanging interface of energy, water and carbon of vegetated land (Woodward, 78 
1990; Piao et al., 2007; Bounoua et al., 2010; Norby and Zak, 2011). However, validation of 79 
simulated responses of LAI to eCO2 is not a major focus of most studies (Cowling and Field, 80 
2003), in spite of the fact that nearly all models have parameterized LAI as controls of plant 81 
productivity and canopy transpiration.  82 
Future changes in precipitation, temperature and evaporative demand (determined by 83 
radiation, humidity, wind speed and temperature) are direct drivers of catchment water yield 84 
(Bates et al., 2008). Increased evaporative demand can enhance regional evapotranspiration 85 
and decrease runoff. However, both evapotranspiration (ET) and runoff can increase if 86 
precipitation increases. Similarly, canopy LAI may be altered by climate change directly by 87 
the changes in meteorological forcing (including temperature, radiation and humidity) 88 
(Cowling and Field, 2003) and indirectly through the influence of climate change on regional 89 
soil water availability (Knapp et al., 2002; Gerten et al., 2008). Changes in canopy LAI 90 
induced by climate change can also exert indirect influences on regional water budgets. 91 
Future climate change is projected to vary spatio-temporally in both magnitude and direction 92 
(IPCC, 2007), thus sensitivities of both vegetation and water budget to climate change may 93 
be markedly different across space and time (Milly et al., 2005; Hyvönen et al., 2007; Bonan, 94 
2008). In addition, complex interactions among the influences of both eCO2 and climate 95 
change on canopy LAI and water budget can dampen or amplify the impacts of either 96 
individual factor (Cramer et al., 2001; Gerten et al., 2005; Körner et al., 2007), because 97 
physiological effects of eCO2 at regional scale depend on both canopy LAI and 98 
meteorological conditions. However, interactions between climate change and eCO2 on 99 
canopy LAI and water budget have rarely been considered and linear combination of the 100 
impacts caused by eCO2 and other environmental drivers was routinely assumed (e.g., Betts 101 
et al. (1997), Eckhardt and Ulbrich (2003), Gedney et al. (2006), Piao et al. (2007) and Kruijt 102 
et al. (2008)). Sellers et al. (1996) showed that nonlinear interactions between physiological 103 
and radiative effects of double CO2 on plant growth were noticeable and differed across 104 
latitudinal gradients. Luo et al. (2008) demonstrated that interactions among changes in 105 
temperature, CO2 and precipitation on carbon and water dynamics are not consistent among 106 
different ecosystems. Dieleman et al. (2012) pointed out that combined effects of the eCO2 107 
and warming on aboveground biomass were usually less than additive effects of single 108 
factors.  109 
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Quantifying the changes in future water yield due to either eCO2 and climate change 110 
remains a challenge (Huntington, 2008; Luo et al., 2011), and whether interactive effects 111 
between eCO2 and climate change on both canopy LAI and water budgets are negligible in 112 
different climatic and vegetation condition needs further investigation (Körner et al., 2007; 113 
Leuzinger et al., 2011; Dieleman et al., 2012). Model simulation is a useful approach to 114 
elucidate and predict the physiological effects of eCO2 and interactions with climate change 115 
since physiological effects of eCO2 at regional scale were poorly understood and atmospheric 116 
CO2 content is projected to rise beyond our observation (Luo et al., 2011). General 117 
circulation models with sophisticated land surface models have been used to study the eCO2 118 
effects on water availability globally (e.g., Sellers et al. (1996), Betts et al. (1997), Gedney et 119 
al. (2006), Piao et al. (2007), Betts et al. (2007), Gerten et al. (2008), Cao et al. (2010)), 120 
however the results of these studies are inconclusive due to their differences in modelling 121 
methodology (including physiological processes of eCO2, model structure and underlying 122 
assumptions) (Gerten et al., 2008; Bounoua et al., 2010; De Kauwe et al., 2013) and poor 123 
hydrological performances (Wood et al., 2011; Wang and Dickinson, 2012; Zhou et al., 2012). 124 
At catchment scales, previous modelling experiments have consistently predicted an increase 125 
in runoff in response to eCO2 with a relative response ranging from less than 10% (Eckhardt 126 
and Ulbrich (2003), Kruijt et al. (2008), and Leuzinger and Körner (2010)) to about 90% 127 
(Aston, 1984). Many previous studies of eCO2 at catchment scale suffer from two 128 
weaknesses. First, physiological and hydrological processes parameterized in those models 129 
were decoupled or loosely coupled (e.g. Eckhardt and Ulbrich (2003)). As a result, nonlinear 130 
interactions between canopy LAI and soil water availability under the eCO2 and climate 131 
change conditions cannot be studied systematically (Gerten et al., 2004; De Kauwe et al., 132 
2013). Secondly, modelling was usually carried out for specific climate regime and 133 
vegetation cover. Thus results from those studies may not be applicable to other regions 134 
(Wullschleger et al., 2002; McMurtrie et al., 2008).  135 
In this study, a coupled water-carbon ecohydrological model WAVES (Zhang et al., 136 
1996) was used to investigate the effects of eCO2 and its interactions with future climate 137 
change on canopy LAI and water budget. Four small catchments in Australia were selected 138 
with contrasting vegetation cover and climate regimes. They included a water-limited (mean 139 
annual precipitation is less than mean annual potential evaporation, which indicates a dry 140 
climate regime) forest catchment and an energy-limited (mean annual precipitation is larger 141 
than mean annual potential evaporation, which implies a wet climate regime) forest 142 
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catchment as well as a water-limited grass catchment and an energy-limited grass catchment. 143 
The future meteorological forcing representing 2050s was projected from 12 GCMs of IPCC 144 
AR4 with emission scenario A2, and then downscaled to the study catchments. The future 145 
CO2 concentration under emission scenario A2 (i.e., eCO2) at 2050s is projected to be 146 
550ppm. In particular, this study has four objectives: (1) to demonstrate whether a well-147 
designed water-carbon coupled model can capture the physiological impacts of both eCO2 148 
and climate change on canopy LAI and their hydrological impacts on catchment water 149 
budgets in different typical ecosystems; (2) to assess effects of eCO2 on canopy LAI and 150 
catchment water yield under different climate regimes and vegetation cover in Australia; (3) 151 
to estimate whether impacts of eCO2 on water budgets in vegetated catchments are small 152 
enough to be ignored in comparison to the impacts of future climate change; (4) to investigate 153 
whether the interactions between eCO2 and changes in climate forcing are negligible in 154 
predicting future canopy LAI and water yield. 155 
2 Method 156 
2.1 Ecohydrological model: WAVES 157 
The WAVES model is designed to simulate the dynamics of energy, water, carbon, and 158 
solute balances of the soil–canopy–atmosphere system at a daily time scale (Zhang et al., 159 
1996; Zhang and Dawes, 1998). The WAVES model was chosen because (1) it has a coupled 160 
water-energy-carbon modelling structure with a good balance of complexity and accuracy in 161 
both hydrological and physiological processes and thus can capture the dynamic coupling of 162 
water and carbon fluxes within soil-plant-atmosphere continuum and suitable for this study 163 
(Zhang and Dawes, 1998); (2) it has been well-tested and validated in a number of 164 
experimental studies (Zhang et al., 1996; Slavich et al., 1999; Zhang et al., 1999; Zhang et al., 165 
1999; Green et al., 2007; Crosbie et al., 2011; Crosbie et al., 2012; Post et al., 2012).  166 
In WAVES, soil water movement in both the unsaturated and saturated zones is 167 
simulated by numerically solving the Richards equation using a finite difference method 168 
(Ross, 1990; Dawes and Short, 1993). For each soil type, an analytical soil model proposed 169 
by Broadbridge and White (1988) is employed to describe the relationships among water 170 
potential, volumetric water content and hydraulic conductivity. Evapotranspiration is 171 
estimated using the Penman-Monteith approach as described in Monteith and Unsworth 172 
(2008). Leaf stomatal conductance is calculated by the equation developed by Ball (1987) 173 
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and Leuning (1995) and this is then scaled-up to canopy scale using the method proposed by 174 
Sellers et al. (1992). The rate of plant growth is estimated by an integrated rated methodology 175 
of Wu et al. (1994), which is a function of light, water and nutrient availabilities. The water 176 
extracted by roots for transpiration is distributed along the root profile according to the roots 177 
density distribution and water availability in each soil nodes following Ritchie et al. (1986). 178 
More detailed modeling strategy and descriptions of WAVES are provided in Zhang et al. 179 
(1996) and (Zhang and Dawes, 1998). 180 
The WAVES model used in this study has coded CO2 as a variable within the stomatal 181 
conductance and plant growth modules as described in Hatton et al. (1992) and (Zhang and 182 
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where 0g  is the residual stomatal conductance, 1g  is an empirical coefficient, iA  is the daily 185 
carbon assimilation rate, siC  is the CO2 mole fraction of the air at the canopy surface, Γ  is 186 
the CO2 compensation point, ciD  is the vapour pressure deficit at the canopy surface, coD  is 187 
an empirical coefficient, LAI is the canopy leaf area index, k is the attenuation coefficient for 188 
light. The 0g , siC , coD  and Γ  were constant and the same for all four catchments, while 1g189 
and k were calibrated within their physical meaning recommended by (Zhang and Dawes, 190 
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where maxA  is the maximum carbon assimilation rate, W2 is the weighting factor for water 193 
relative to light, W3 is the weighting factor for nitrogen relative to light, W4 is the weighting 194 
factor for CO2 relative to light, 1x  is the normalized photosynthesis active radiation 195 
availability, 2x  is the normalized water availability, 3x  is the normalized nitrogen availability, 196 
4x  is the normalized CO2 availability, 1m  is the temperature modifier, and 4m  is the vapour 197 
pressure modifier. Under eCO2 condition, the physiological responses of canopy conductance 198 
and assimilation rate in WAVES are fully coupled with climatic regulation on stomata and 199 
availability of both water and nutrients to roots. In this study, all the weighting factors and 200 
Page | 5  
Cheng et al., Impacts of elevated CO2 on plant growth and catchment water budgets 
normalized availabilities were calibrated within the ranges of their physical meaning as 201 
recommended by (Zhang and Dawes, 1998). 202 
2.2 Catchments and data 203 
The four catchments selected were all small with the dominant vegetation cover as either 204 
forest or grass. The locations of the four catchments are shown in Figure 1. The energy-205 
limited forest catchment used in this study is a tributary of Bellinger River in the northeast of 206 
New South Wales (NSW) with an area about 150 km2. Mean annual precipitation is 1830 mm, 207 
and aridity index (ratio of mean annual potential evapotranspiration and mean annual rainfall) 208 
is about 0.7 (Chiew et al., 2009). More than 90% of the catchment area is covered by forest 209 
identified from the National Vegetation Information System (NVIS, 210 
http://www.environment.gov.au/erin/nvis/index.html). The energy-limited grass catchment 211 
used in this study is the Fisher River, upstream of Lake Mackenzie in the north of Tasmania 212 
(TAS) with an area of 37.5 km2. Mean annual precipitation is 1860 mm, and aridity index is 213 
about 0.25 (CSIRO, 2009). The vegetation in the Fisher River is dominated by native grass 214 
(ca. 60%) and sparse shrub and woodlands (30%) (Brown et al., 2006). The topography is 215 
plateau with many rock outcrops and chains of lakes. The water-limited forest catchment 216 
selected for this study is West Brook upstream of Glendon Brook River in the south-east of 217 
the NSW, with an area of 73 km2. Mean annual precipitation is 750 mm and aridity index is 218 
about 1.7 (Zhang et al., 2011). The vegetation cover identified from NVIS is eucalypt tall 219 
open forests (41.5%) and eucalypt open forests (58.5%); however, the forests are not dense. 220 
The topography of the West Brook is a ridge and valley complex and moderately steep hill 221 
slopes, with a mean slope about 6 degrees. The water-limited grass catchment chosen for this 222 
study is the Fletcher River at Dromedary of Fitzroy River in the north-west coast of West 223 
Australia (WA), with an area of 68.2 km2. Mean annual precipitation is 1000 mm, and the 224 
aridity index is about 2.2. The catchment is completely covered by Hummock Grasslands 225 
(100%) identified from NVIS (Department of the Environment and Water Resources, 2007). 226 
The detailed descriptions of the climatic, geological and vegetation characteristics of each 227 
catchment are presented as following and the basic information are summarized in Table 1. 228 
Insert Table 1 here. 229 
The soil information for each catchment were identified from the Australian Soil 230 
Resources Information System (ASRIS, http://www.asris.csiro.au/index_other.html), 231 
Page | 6 
Cheng et al., Impacts of elevated CO2 and climate change on catchment water budgets 
including soil types, texture, horizons and thickness McKenzie et al. (2000). The depth of 232 
different layers was determined by averaged thickness of different horizons. Based on the 233 
ASRIS, two soil layers were identified for all the four catchments but with different thickness. 234 
The upper and lower layer were 0.3 m and 0.6 m for the energy-limited forest catchment; 0.2 235 
m and 1.0 m for the energy-limited grass catchment; 0.4 m and 0.4 m for the water-limited 236 
forest catchment; and 0.4 m and 0.5 m for the water-limited grass catchment. Another clay 237 
layer was set underlying these two layers. The total depth of soil column was up to 5.0 m in 238 
the two forest catchments and 3.0 m in the two grass catchments. The dominant soil type of 239 
each layer was also identified from ASRIS. This dominant soil type was used to determine 240 
the initial soil parameters. 241 
The meteorological data needed to run the WAVES model included daily precipitation, 242 
daily maximum and minimum temperature, daily vapour pressure deficit, daily rainfall 243 
duration, and daily solar radiation. Daily precipitation, daily maximum and minimum 244 
temperature were obtained from the “SILO Data Drill” of the Queensland Department of 245 
Natural Resources and Water (http://www.longpaddock.qld.gov.au/silo/) (Jeffrey et al., 2001). 246 
The daily vapour pressure deficit and solar radiation are estimated according to daily 247 
temperature measurements following (Kimball et al., 1997) and (Thornton and Running, 248 
1999). Observed streamflow data were collected from different studies and projects to 249 
calibrated model. The leaf area index (LAI) data of each catchment were obtained from 250 
MODIS Land Product Subsets (MOD15A2, Collection 5) 251 
(http://daac.ornl.gov/MODIS/modis.shtml) with a quadrate of 7×7 km on the centre of 252 
catchment. The Savitzky-Golay filtering method was employed to smooth the raw LAI 253 
derived from MOD15A2 combined with quality control data using TIMESET (Jönsson and 254 
Eklundh, 2004). The smoothed mean LAI time series of each catchment from 2000 to 2005 is 255 
shown Figure 4.  256 
2.3 Future meteorological forcing data 257 
The 12 GCMs used in this study are listed in Table S1 in the auxiliary material. These 258 
GCMs were selected because projections of them performed better than others compared with 259 
historical climate of Australia (Crosbie et al., 2011; Vaze et al., 2011). Four meteorological 260 
variables were projected to represent future climatic conditions centred on 2050 (2040-2060) 261 
including precipitation, daily maximum temperature (Tmax), daily minimum temperature 262 
(Tmin), and solar radiation. The constant scaling method proposed by Santer et al. (1990) (also 263 
called the delta or perturbation method) was used to downscale GCM outputs to future daily 264 
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time series for the study catchments. This method generates future climate time series by 265 
scaling observed historical time series with constant scaling factors, which are estimated from 266 
the historical observed time series and projected time series. Constant scaling factors of each 267 
variable were estimated at seasonal time-scales of each GCM. Three global warming 268 
scenarios (low, median, and high), which indicate different rate of climate change, were 269 
applied to provide a range of possibilities of future change. 270 
Future precipitation and radiation at a specific day ( nx′ ) were estimated using equation 271 
3a, and future daily maximum and minimum temperature at a specific day ( nx′ ) were estimate 272 
in terms of equation 3b.  273 
( )1001 , jiknn ftxx +=′         (3a) 274 
jiknn ftxx ,+=′          (3b) 275 
where nx  and nx′  are observed and projected climatic variables at a specific date n; kt  (°C) is 276 
waring temperature of k-th global warming scenario (1 ≤ 𝑘 ≤ 3, i.e., low, median and high);277 
jif ,  is constant scaling factor of i-th season (1 ≤ 𝑖 ≤ 4, i.e., spring, summer, autumn and 278 
winter) of j-th GCM (1 ≤ 𝑗 ≤ 12), jif ,  is in %/°C (percentage change per degree Celsius of 279 
global warming) for precipitation and radiation and in °C/°C (degree Celsius increases per 280 
degree Celsius of global warming) for maximum and minimum temperature. According to 281 
the IPCC projections (CSIRO and BoM, 2007), low, median and high global warming 282 
scenarios were 0.84°C, 1.4°C and 2.24°C, respectively. Thus, 36 scenarios are assembled for 283 
each catchment and daily pattern of scaled time series were kept the same as observed series.  284 
The seasonal scaling factors (or changes) of four meteorological variables from 12 285 
GCMs are shown in Figure S1 in auxiliary materials. The climatic changes derived in this 286 
study are all in close agreement with previous estimates by CSIRO and BoM (2007). 287 
Assemble mean change in precipitation and potential evaporation (using Priestley and Taylor 288 
(1972)) are shown in Figure 2 in terms of the four projected meteorological variables. 289 
Precipitation was projected to increase in the water-limited forest catchment only about 1.0%. 290 
Precipitation decreased by about 1.5%, 5% and 1% in energy-limited forest catchment, 291 
energy-limited grass catchment and water-limited grass catchment, respectively. Potential 292 
evaporation was increased in all the four catchments. It increased about 5% in the energy-293 
limited grass catchment and approximately 2% in other three catchments. 294 
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Insert Figure 2 here. 295 
2.4 Parameter estimation 296 
For the two forested catchments, both overstorey and understorey were considered. The 297 
overstorey layer is dominated by tall eucalyptus trees at two sites. The understorey layer 298 
includes grass and/or liana, and it was treated as a perennial C3 grass layer. For the two grass 299 
catchments, only one vegetation layer was considered. The vegetation was set as C3 300 
perennial grass in the energy-limited catchment and as C4 annual grass in the water-limited 301 
grass catchments. For each vegetation type, there are 26 vegetation parameters used in 302 
representing the physiological and phenological processes of plant growth in WAVES. The 303 
vegetation parameters include canopy albedo, soil albedo, rainfall interception coefficient, 304 
light extinction coefficient, maximum plant available soil water potential, etc.  305 
Some vegetation parameters and all the soil parameters were further optimised by 306 
minimizing the differences between modelled and observed streamflow data and smoothed 307 
MODIS LAI data together using the shuffled complex evolution (SCE-UA) method (Duan et 308 
al., 1992). The calibrated vegetation parameters include rainfall interception coefficients, 309 
maximum carbon assimilation rate, specific leaf area, respiration coefficient of leaf and root, 310 
leaf mortality rate and aerodynamic resistance. Previous study found that all these parameters 311 
have significant influences on the simulated plant-water interactions in WAVES (Zhang and 312 
Dawes, 1998). All the calibrated parameters were allowed to vary within their ranges as 313 
recommended by Dawes et al. (1998). Both bias and Nash-Sutcliffe coefficient (Nash and 314 
Sutcliffe, 1970) were incorporated into the objective function of the SCE-UA method as in 315 
Viney et al. (2009) to quantify the dynamic and systematic differences between simulated and 316 
observed streamflow and LAI series to identify optimal soil and vegetation parameters. 317 
2.5 Modeling experiments 318 
For a catchment, runoff (R) is influenced by climate (M) and atmospheric CO2 (C): 319 
( )C,MfR =          (4) 320 
Using Taylor approximation, changes in runoff at catchment scales under future climate 321 
(∆RM) or increased CO2 (∆RC), or both climate and increased atmospheric CO2 (∆RMC) can be 322 
expressed as: 323 
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+∆+∆≈∆      (5c) 326 
where M∆  is change in climate and C∆  is change in CO2. The first two terms in equation 5c, 327 
which are Equation 5a and 5b, represent sensitivities of runoff to changes in climate forcing 328 
and CO2, respectively. The rest of the terms in equation 5c represent interactions between M 329 
and C. Changes in evapotranspiration (ET) and LAI can also be estimated using equations 330 
similar to (5) as they are both influenced by climatic and CO2.  331 
Four modelling experiments with different climate forcing and CO2 were designed to 332 
investigate the impacts exerted by future climate change (∆M) and eCO2 (∆C). Basic 333 
descriptions of the modelling experiments are listed in Table 2.  334 
Insert Table 2 here. 335 
As shown in Table 2, Experiment 1 (Expt1) was used as the baseline for assessing the 336 
impacts of changes in climate and atmospheric CO2 concentration on canopy LAI and 337 
catchment water budget. Experiment 2 (Expt2) was the same as Expt1 except CO2 338 
concentration was increased to 550 ppm, a level similar to most FACE experiments. 339 
Experiment 3 (Expt3) was designed to quantify the impact of change in climatic conditions. 340 
Expt3 is similar to most assessments of the climatic impacts on water resources studies. 341 
Experiment 4 (Expt4) considers the effects of both future atmospheric CO2 concentration and 342 
climatic conditions. The differences between Expt2 and Expt1 represent the sensitivity to 343 
eCO2, which stands for ∆RC (namely equation 5a and the first approximation term in equation 344 
5c). The differences between Expt3 and Expt1 represent the sensitivities to future climate 345 
change, which corresponds to ∆RM (namely equation 5b and the second approximation term 346 
in equation 5c). The differences between Expt4 and Expt1, which stands for ∆RMC, include 347 
not only the sensitivities to both climate change and eCO2 but also interactions between two 348 
drivers (i.e., interaction terms in equation 5c).  349 
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3 Results 350 
3.1 Model calibration over baseline period: Results of Expt1 351 
The WAVES model was calibrated over the baseline period using observed daily 352 
streamflow and 8-day MODIS LAI. Model simulations, i.e. Expt1, are for current CO2 and 353 
climate conditions (1995 ~ 2006). Modelled monthly runoff agrees well with the observations 354 
for all four catchments using the optimized parameters (see Figure 3). The slope between 355 
modelled and observed monthly runoff is not statistically significant different from 1 for the 356 
two grassland catchments and wet forest catchment, but is greater than 1 for the dry forest 357 
catchment. Therefore our model tends to overestimate the monthly runoff for the dry forest 358 
catchment. Nash-Sutcliffe efficiencies of simulated monthly streamflow with optimal 359 
parameters were 0.89, 0.66, 0.74 and 0.70, and biases of water balance were −12.4%, −1.2%, 360 
−0.3%, and −2.4% for energy-limited forest, water-limited forest, energy-limited grass, and 361 
water-limited grass catchments, respectively. 362 
Insert Figure 3 and 4 here.  363 
Figure 4 shows that the 8-day variation of canopy LAI modelled by WAVES agree 364 
reasonably well the MODIS LAI, but with smaller amplitude than the MODIS LAI for all 365 
four catchments. The Nash-Sutcliffe efficiencies were 0.67, 0.36, 0.34 and 0.82, and biases of 366 
water balance were −0.1%, −0.03%, 1.0%, and −0.9% for LAI for energy-limited forest, 367 
water-limited forest, energy-limited grass, and water-limited grass catchments, respectively. 368 
The above results indicated that WAVES is capable of simulating both streamflow and LAI 369 
variations in catchments under different climatic regime and vegetation types. 370 
3.2 Sensitivities of LAI, ET and runoff to eCO2 and climate change 371 
The mean of ensemble sensitivities of LAI, ET and runoff in percentage to eCO2 or 372 
climate change are shown in Figure 5. The eCO2 increased canopy LAI in all four catchments. 373 
Evapotranspiration increased and runoff decreased in all catchments except the energy-374 
limited forest catchment, in which ET decreased and runoff increased. Therefore the effect of 375 
reduced stomatal conductance on ET under eCO2 was greater for the energy-limited forest 376 
catchment but less for the other three catchments than the increased LAI. The increase in LAI 377 
was smallest (1.8%) in the energy-limited forest catchment and largest (21.2%) in the water-378 
limited grass catchment. The increases in LAI were 12.7% and 14.7% in water-limited forest 379 
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catchment and energy-limit grass catchment, respectively (Figure 5a). Total 380 
evapotranspiration changed −1.4%, 0.6%, 3.9% and 10.1% and runoff changed 1.8%, −2.9%, 381 
−1.1% and −18.2% due to eCO2 in the energy-limited forest catchment, water-limited forest 382 
catchment, energy-limited grass catchment and water-limited grass catchment, respectively 383 
(Figure 5b and 5c). 384 
Insert Figure 5 here 385 
Under climate change, canopy LAI decreased in all four catchments (Figure 5a). Total 386 
evapotranspiration increased in energy-limited forest catchment but decreased in other three 387 
catchments (Figure 5b). Note that precipitation increased slightly only in the water-limited 388 
forest catchment and potential evaporation increased in all four catchments (Figure 2). Thus 389 
increased ET in the energy-limited forest was primarily caused by increase in potential 390 
evaporation, while decrease in ET in the water-limited forest can be attributed to adverse 391 
impacts of climate change on canopy LAI. However, decrease in ET in two grass catchment 392 
resulted from decrease in both canopy LAI and rainfall. Consequently, catchment runoff 393 
decreased in two energy-limited catchments but increased in two water-limited catchments 394 
(Figure 5c). These changes imply that future climate change reduce canopy LAI, which 395 
resulted in changes both in direction and magnitude in ET and runoff among catchments. The 396 
decrease in canopy LAI was smallest (2.7%) in energy-limited catchment and largest (25.5%) 397 
in water-limited grass catchment. The changes in ET were 0.5%, −0.3%, −2.0% and −8.4%, 398 
changes in runoff were −1.4%, 3.4%, −5.8% and 15.6%, due to climate change in energy-399 
limited forest catchment, water-limited forest catchment, energy-limited grass catchment and 400 
water-limited grass catchment, respectively (Figure 5b and 5c). Relatively, the eCO2 induced 401 
changes in LAI, ET and runoff were approximately equivalent in magnitude but in an 402 
opposing direction to that caused by changes in climate alone, except for changes in runoff in 403 
the energy-limited grass catchment.  404 
3.3 Interactive effects of the eCO2 and climate change on LAI, ET and runoff 405 
The additive effects of eCO2 and climate change (namely summing up of changes of 406 
Expt2 and Expt3) and relative changes of Expt4, which include additive effects of both eCO2 407 
and climate change and interactive effects between the two drivers, are shown in Figure 6. 408 
Differences between Expt4 and additive effects are interactive effects between eCO2 and 409 
climate change. Figure 6 shows that the interactive effects between the two drivers were 410 
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significant, especially for LAI and ET in the two grassland catchments and runoff in the two 411 
water-limited catchments. Our results suggest that the assumption that linear combination of 412 
individual effects is very unlikely to apply to predictions of LAI and ET in either of the two 413 
grassland catchments and runoff in either of the two water-limited catchments. The 414 
interactive effects on LAI in the two forest catchments were small (<0.2%), but were 415 
relatively larger in two grass catchments. The interaction was about 1% in the energy-limited 416 
grass catchment and −5.4% in the water-limited grass catchment. The interactions on ET 417 
were −0.22%, 0.35%, 1.5% and −1.6% in energy-limited forest catchment, water-limited 418 
forest catchment, energy-limited grass catchment and water-limited grass catchment, 419 
respectively. The interactive effects on runoff were relatively small (<0.5%) in the energy-420 
limited catchments and were larger than 2% in water-limited catchments. Furthermore, the 421 
directions of additive effects and changes under Expt4 condition were in opposing directions 422 
in the two water-limited catchments. These results suggest that prediction of runoff in two 423 
water-limited catchments was not only biased but also may in opposite direction, if 424 
interactive effects between eCO2 and climate were neglected.  425 
Insert Figure 6 here 426 
4 Discussion 427 
4.1 Plant growth responses to elevated CO2 and climate change.  428 
Sensitivities of LAI to eCO2 suggest that plant growth was enhanced in all four 429 
catchment, as has been suggested previous studies (e.g. Luo et al. (2008) and Piao et al. 430 
(2007)). This is possibly caused by both direct fertilization effects of eCO2 (Eamus and Jarvis, 431 
1989; Woodward, 1990), which is induced by increased supply of carbon for photosynthesis, 432 
and indirect water effects of eCO2 through its physiological effects on stomatal conductance, 433 
which reduce water use and thus can ameliorate water stress under water-limited condition 434 
(Wullschleger et al., 2002; Gerten et al., 2005; Crosbie et al., 2012). Increases in LAI of the 435 
two water-limited catchments were larger than increases in the energy-limited catchments. 436 
This is likely to arise because the indirect water effects (i.e. increased soil moisture content 437 
arising from reduced stomatal conductance) were more pronounced in water-limited 438 
catchments than energy-limited catchments as water is one of main constrains on plant 439 
growth in water-limited regions (Wullschleger et al., 2002; Eamus and Palmer, 2007; 440 
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Macinnis-Ng et al., 2011). Larger increases in LAI in water-limited regions under eCO2 have 441 
been observed in field experiments (Morgan et al., 2004; Morgan et al., 2011).  442 
Sensitivities of LAI to climate change indicate that projected future climate change had 443 
adverse impacts on canopy LAI in all four catchments. Changes in this study agreed well 444 
with previous assessments that climate change may influence vegetation growth detrimentally 445 
(Gerten et al., 2005; Fischlin et al., 2007; Luo et al., 2008). Predicted reductions in LAI in 446 
these catchments were principally associated with rising temperature and its concomitant 447 
effects on water availability for growth. Higher temperature may result in unfavourable 448 
conditions for plant growth including higher rate of heterotrophic respiration (Bonan, 2008), 449 
reduction in assimilation rate (Landsberg and Sands, 2011) and aggravating water stress and 450 
enhancing transpiration (O'Grady et al., 2011; Crosbie et al., 2012). The LAI change in the 451 
energy-limited grass catchment was very likely caused by not only rising temperature but 452 
also decreased rainfall (about −5%, Figure 2). Changes in seasonality of precipitation 453 
(especially in spring and summer, Figure S1), may also affect plant growth adversely (Knapp 454 
et al., 2002; Gerten et al., 2008). Predicted decrease in LAI in the water-limited grass 455 
catchment was consistent with the observed growth decline in the southern Spain induced by 456 
rapid climate change (Jump et al., 2006). Therefore, we conclude that the coupled water-457 
carbon model WAVES reasonably captured the responses of vegetation in contrasting 458 
ecosystems to eCO2 and changing climate. 459 
The LAI was more sensitive to climate change in the energy-limited forest catchment 460 
and water-limited grass catchment but more sensitive to eCO2 in the other two catchments in 461 
term of the direction of additive effects on LAI (Figure 6a). The interactive effects between 462 
eCO2 and climate change exist because both drivers can influence plant growth alone and 463 
interactively. For instance, rising temperature can pose positive or negative impacts on plant 464 
growth depending on climatic regimes and vegetation conditions (Fischlin et al., 2007; Bonan, 465 
2008), meanwhile it can also influence both direct fertilization effects and indirect water 466 
effects of eCO2 on plant growth (Leuzinger et al., 2011; O'Grady et al., 2011). The eCO2 can 467 
enhance plant growth, at the same time, it can also modulate the impact of climate change on 468 
plant growth by alter WUE (Crosbie et al., 2012).  469 
4.2 Shift of water budgets due to elevated CO2 and climate change 470 
The physiological effects of eCO2 on catchment water budgets operate directly through 471 
reductions in canopy transpiration and indirectly through changes in canopy LAI (Katul et al., 472 
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2012). Our modelling results show that reductions in ET and increases in runoff only 473 
occurred in the energy-limited forest under eCO2 (i.e., Expt2, Figure 5b and 5c). Decreased 474 
ET in this catchment resulted from decreases in stomatal conductance, which reduced canopy 475 
transpiration and outweighed any increase in water consumption associated with increased 476 
LAI (~2%), resulting in increased runoff in this catchment. For the other three catchments, 477 
increased ET is likely to be related to the significant increase in LAI under eCO2 conditions, 478 
which outweighed the effect of stomatal closure.  479 
Climate change can influence water budgets directly though changes in climate forcing 480 
including precipitation and temperature, and indirectly via impacts on canopy LAI, which can 481 
alter the partitioning of precipitation into different components of ET and water yield (Zhang 482 
et al., 2001; Bonan, 2008; Cheng et al., 2011). Both ET and runoff decreased in the energy-483 
limited grass catchment in Expt3. Decrease in ET in this catchment were possibly caused by 484 
decreases in both precipitation (~5%) and LAI (~10%), but reduced runoff was principally 485 
caused by decreased precipitation alone. In the water-limited grass catchment, reduced ET 486 
was possibly induced by decreases in LAI (~26%), and increase in runoff (~16%) can be 487 
attributed to decreased ET. 488 
Under Expt4, changes in ET in all the four catchments were in the same direction as that 489 
in Epxt2. This suggests that eCO2 is more dominant than climate change in controlling ET in 490 
these vegetated catchments. Ainsworth and Long (2005) showed that stomatal conductance 491 
was reduced by approximately 20% in response to CO2 enrichment across multiple FACE 492 
experimental sites.  Although ecohydrological influences of eCO2 were very likely attenuated 493 
at stand level and catchment scales (Field et al., 1995; Leuzinger et al., 2011), larger eCO2 494 
effects on ET observed in all four catchments are possibly due to the fact that these 495 
catchments were all completely vegetated and projected average climate changes were 496 
moderate in these four catchments. In terms of direction of changes in runoff under Expt4 and 497 
Expt2, eCO2 has larger influence on runoff in two forest catchment (Figure 5c and 6c). The 498 
effects eCO2 were more dominant than climate change on ET but less dominant on runoff in 499 
the energy-limited grass catchment is possibly due to LAI of grassland is more sensitive to 500 
climate change (Figure 5a) and projected change in rainfall in this catchment was significant 501 
(Figure 2a). Our results suggest that incorporating the impacts of eCO2 on water budgets are 502 
very important for correctly predicting of future water availability of vegetated land.  503 
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4.3 Interactive effects between climate change and eCO2 504 
Modelling results in this study show that interactive effects of climate change and eCO2 505 
on plant growth can be neglected (<0.5%) in forested catchments but is quite significant in 506 
grassed catchments (2%~2.6%, Figure 6a). Interactions between the two drivers were small 507 
in forested catchment and likely a result of forests with deep roots that can utilize more 508 
available soil water. As a result, forests are more resilient to climate change than grasslands 509 
(Zhang et al., 2001; Cheng et al., 2011). With respect to interactive effects between eCO2 and 510 
climate change, interactions on ET can be neglected in the two forested catchments and 511 
interactions on runoff can be neglected in the two energy-limited catchments. Interactive 512 
effects on ET in forested catchments can be neglected possibly because interactive effects on 513 
LAI in these two catchments were unnoticeable. In water-limited regions, ecosystem 514 
structure and function are mainly constrained by water (Eamus et al., 2006) thus water-515 
limited ecosystems have higher rain-use efficiency (Huxman et al., 2004; Troch et al., 2009). 516 
Small interactive effects on plant water use can result in significant differences in runoff 517 
(Cramer et al., 2001; Wullschleger et al., 2002; Bounoua et al., 2010). That is why interactive 518 
effects on runoff in water-limited catchments cannot be neglected. 519 
The magnitudes of the interactive effects on canopy LAI, ET and runoff were much 520 
smaller than the magnitudes of single-factor effects. It is similar to the conclusion drawn by 521 
Luo et al. (2008) from modelled interactive effects among precipitation, temperature and CO2, 522 
and by Wu et al. (2011) from multiple manipulated experiments. However, additive and 523 
interactive effects of eCO2 and climate change are basically in the same magnitude because 524 
the effects of climate change and eCO2 were opposing in sign. The assumption that the 525 
effects of climate change and eCO2 are linearly addictive is not appropriate for changes in 526 
LAI and ET in grassland catchments or runoff in water-limited catchments, where interactive 527 
effects of eCO2 and climate change cannot be neglected compared with additive effects.  528 
5 Conclusions 529 
In this study, impacts of elevated CO2 (eCO2) on canopy LAI and water budget 530 
(evapotranspiration and runoff) were investigated using a well-tested ecohydrological model 531 
(WAVES). Future climate changes were considered and interactions between eCO2 and 532 
climate change were estimated in four different ecosystems in Australia with contrasting 533 
climate regime and vegetation cover. Results from this study show eCO2 increased canopy 534 
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LAI in all four catchments and increased ET and decreased runoff in the water-limited forest 535 
catchment and the two grassland catchments, but reduces ET and increases runoff in the 536 
energy-limited forest catchment. The effects of future climate on canopy LAI, ET and total 537 
runoff were opposite in sign to those of eCO2 for all four catchments. Our results also suggest 538 
that the interactions between the direct and indirect effects on ET were relatively large in the 539 
two grassland catchments but relatively weak in the two forest catchments, and were 540 
relatively strong on runoff in the two water-limited catchments but weak in the two energy-541 
limited catchments. This study highlights that failure to account impacts of eCO2 or its 542 
interactions with climate change can introduce significant bias into the predictions of future 543 
water budgets, especially for the water-limited catchments in Australia. 544 
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Tables and Figures 
Table 1 | Key features of the four catchments compared in this study. 
Table 2 | A summary of the four scenarios applied in this study. 
 
Figure 1 | A schematic map showing the locations of four different ecosystems studied. 
Figure 2 | Assemble mean changes in (a) precipitation and (b) potential evaporation (PET) in 
different catchments. The error bars show one standard deviation of all assembled 
scenarios (n=36). 
Figure 3 | Scatter plots comparing the observed and simulated monthly total streamflow in (a) 
energy-limited forest catchment, (b) water-limited forest catchment, (c) energy-limited 
grass catchment, or (d) water-limited grass catchment. 
Figure 4 | Comparison of simulated daily LAI variations during baseline period of (a) energy-
limited forest catchment, (b) water-limited forest catchment, (c) energy-limited grass 
catchment, or (d) water-limited grass catchment. 
Figure 5 | The sensitivities of the (a) LAI, (b) ET and (c) runoff to elevated CO2 (i.e., Expt2, 
blue bar) and climate change (i.e., Expt3, yellow bar) The bars and error bars represent 
assemble mean (n=36) and one standard deviation of all assembled scenarios, 
respectively. 
Figure 6 | Changes in the (a) LAI, (b) ET and (c) runoff in Expt4 (yellow bars). The green 
bars show the additive impacts of the climate change and eCO2 (i.e., sum up of Expt2 
and Expt3). The meanings of bars and error bars are the same as those in Figure 5. 
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Table 1 | Key features of the four catchments compared in this study.  
 
energy-limited  water-limited 
forest grass   forest grass 
state - NSW TAS   NSW WA 
latitude(S) degree 30.34 41.70  32.46 17.09 
longitude(E) degree 152.53 146.42  151.28 125.04 
catchment area km2 150 37.5  72.9 68.2 
mean slope degree 12 1  5.5 2.5 
mean elevation m 300 1140  250 247 
mean annual precipitation mm 1830 1860  750 1020 
aridity index mm/mm 0.7 0.25  1.7 2.16 
mean annual temperature °C 12.5 5.9  17.8 26.8 
photosynthesis pathway - C3 C3  C3 C4 
vegetation growth type - perennial  perennial   perennial  annual 
leaf area index (maximum) m2/m2 6.0 1.25  2.5 1.25 
vegetation layers - 2 1  2 1 
modelled soil depth m 5.0 3.0  5.0 3.0 
soil types - 3 3  3 3 
number of soil nodes - 25 25   25 25 
runoff records  1995-2005 1995-2005  1995-2005 1995-1999 
baseline CO2 concentration ppm 370 370  370 370 
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Table 2 | A summary of the four scenarios applied in this study.  
No. Climate CO2 Descriptions  




The model was run with observed daily 
meteorological data, current ambient CO2 
concentration, and optimized model parameter 
values. Results of Experiment 1 represent water 
balance under current climatic and CO2 conditions. 
Experiment 1 provides the reference for assessing 
the impact of climate change and CO2 
concentration on water balance. 




The same as Experiment 1, except the CO2 
concentration was elevated to 550 ppm. Experiment 
2 was designed to estimate the impact of elevated 
CO2 under current climate condition. It is similar as 
FACE experiments. 




The same as Experiment 1, except future climate 
forcing projected from GCMs were considered. 
Experiment 3 is designed to estimate impact of 
future climate change on water balance without 
considering impact of CO2 and to separate the 
impacts of changing climate and CO2 
concentration. 




The model was run with future climate forcing 
obtained from GCMs, elevated CO2 concentration, 
and optimized model parameter values. Experiment 
3 was designed to investigate the effect of changes 
in both climatic variables and CO2 concentration on 
water balance. 
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Figure 1 | A schematic map showing the locations of four different ecosystems studied.  
 
Figure 2 | Assemble mean changes in (a) precipitation and (b) potential evaporation 
(PET) in different catchments. The error bars show one standard deviation of all 
assembled scenarios (n=36).  
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Figure 3 | Scatter plots comparing the observed and simulated monthly total streamflow 
in (a) energy-limited forest catchment, (b) water-limited forest catchment, (c) energy-
limited grass catchment, or (d) water-limited grass catchment.  
 
Figure 4 | Comparison of simulated daily LAI variations during baseline period of (a) 
energy-limited forest catchment, (b) water-limited forest catchment, (c) energy-limited 
grass catchment, or (d) water-limited grass catchment. 
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Figure 5 | The sensitivities of the (a) LAI, (b) ET and (c) runoff to elevated CO2 (i.e., 
Expt2, blue bar) and climate change (i.e., Expt3, yellow bar) The bars and error bars 
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Figure 6 | Changes in the (a) LAI, (b) ET and (c) runoff in Expt4 (yellow bars). The 
green bars show the additive impacts of the climate change and eCO2 (i.e., sum up of 
Expt2 and Expt3). The meanings of bars and error bars are the same as those in Figure 
5.  
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Table S1 | Summary of the GCMs used in this study 
No. GCM Modelling group & Country 
1 BCM 2.0 BCCR Bjerknes Centre for Climate Research, Norway 
2 CGCM 3.1 CCCma Canadian Climate Centre, Canada 
3 CM 3.0 CNRM Centre National de Recherches Meteorologiques, France 
4 Mk 3.0 CSIRO CSIRO, Australia 
5 Mk 3.5 CSIRO CSIRO, Australia 
6 CM 2.1 GFDL Geophysical Fluid Dynamics Lab, USA 
7 CM 3.0 INM Institute of Numerical Mathematics, Russia 
8 CM 4.0 IPSL Institut Pierre Simon Laplace, France 
9 MIROC 3.2 NIES National Institute for Environmental Studies, Japan 
10 ECHO_G MIUB Meteorological Institute, University of Bonn, Germany 
 METRI Meteorological Research Institute of KMA, Korea  
 M&D Model and Data Groupe at MPI-M, Germany 
11 ECHAM5 MPI-M Max-Planck-Institut for Meteorology, Germany 
12 PCM NCAR National Center for Atmospheric Research, USA 
 
 
Figure S1 | The constant scaling factor (CSF) of (a) precipitation (PPT), (b) solar 
radiation, (c) daily maximum temperature (Tmax), or (d) daily minimum temperature 
(Tmin), which were estimated from the projections of 12 global climate models for 2050’s 
for each of the four catchments and different seasons. The box plots in blue, earth yellow, 
grey, green, and red represent the CSF of summer (DJF), autumn (MAM), winter (JJA), 
spring (SON), and annual mean, respectively. 
 
